Estuaries are areas where river and sea waters meet. Therefore, the hydrodynamical, hydrochemical, and hydrobiological processes in the estuaries are typical for both environments. The most important processes, which play leading roles in estuaries include the dynamics of water flow, water quality, and the mixing of water of different biochemical characteristics. This paper is divided into two parts. In the first, basic hydrodynamical processes are described and analytical and numerical methods of evaluating them are presented. Part two illustrates these processes using experimental data and the results of mathematical modeling for some estuaries along the Polish Baltic coast.
INTRODUCTION
Although estuaries can be defined in a variety of ways depending on one's point of view, most oceanographers, engineers, and ecologists consider them to be areas of interaction between fresh and salt waters. This interaction of fresh and salt waterprovides for the circulation of water and mixing processes that are driven by the differences in density of the two waters. The term 'estuary' is derived from the Latin word estuarium, which means tidal. A typical estuary can be defined as a semi-enclosed coastal basin that receives an inflow of both fresh and salt water is affected by tidal oscillations or water levels caused by storm surges.
Estuaries have been developed for many purposes, and it is important that proposals for new works should be examined both for their probable effects locally and on the hydraulic system as a whole. The prediction of changes in salinity and velocity distributions in an estuary caused by changes in hydraulic characteristics and changes in estuarine geometry is a problem that often arises.
The Institute of Hydroengineering, Polish Academy of Sciences (IBW PAN) in Gdańsk and other institutions conducted research into the problems of the physical processes in the estuaries along the Polish coast of the Baltic Sea. The development of measuring techniques enabled executing detailed in situ measurements in estuaries. The measurement data illustrate processes in estuaries and were used to verify three-dimensional models for chosen estuaries. In this paper, the basic hydrodynamical processes in estuaries and their classification are described, and analytical and numerical methods of calculation are discussed. The described phenomena are illustrated by experimental results from the Polish coast of the Baltic Sea.
CLASSIFICATION OF ESTUARIES
There are various classifications of estuaries depending on the phenomena which are taken into account. In this section, we will mostly concentrate on water dynamics, stratification, and mixing in estuaries. Accordingly, estuaries can be assigned to one of three general types: the salt-wedge estuary, the partlymixed estuary, and the well-mixed estuary (Fig. 1) . The relative contributions of river flow to tidal currents are largely responsible for the chemical, circulatory, and sedimentological characteristics of all these types of estuaries (Jasińska 1991 , Pinet 1992 , Massel 1999 .
Salt-wedge estuaries (Fig. 1a) are usually shallow and narrow, with respect to their water depth, and are dominated by high river discharge. Tidal currents are weak due to small tidal range. Fresh and salt water masses do not mix across the sharp halocline, which results in a distinctive salt-wedge. At the interface, the river currents exert strong shear stresses which generate some entrainment of salt water into the fresh surface water. The continuity of mass requires a compensation of this salt water mixed upward into the fresh water by a net inflow of bottom water through the estuary mouth. This weak flow is known as the residual current. In salt-wedge estuaries, a significant amount of sediment is transported by river currents in contrast to the small amount of sediment supplied by tidal currents.
The second group of estuaries are those known as partly-mixed estuaries (Fig. 1b) . In partly mixed estuaries, stronger tidal currents induce mixing, and stratification is weaker, with salinity varying by no more than a few PSU from the surface to the bottom. During the tidal cycle, the entire water mass in the estuary moves landward and seaward. Partly mixed water moves upward and downward through the halocline, diluting salt water with fresh water and vice versa. Due to turbulent mixing, the residual circulation, consisting of seaward flow above and landward flow below the halocline, is better developed than in the salt-wedge estuary. The combination of both residual and flood tidal currents suspend significant amounts of sediment and transport it landward into the estuary. In well-mixed estuaries where tidal energy dominates over river input, the water column is completely mixed by turbulence (Fig.1c) . Because of this mixing, there are no residual currents in the vertical plane. Well-mixed estuaries are usually very wide in comparison to their depth, and strong currents transport a great amount of marine sediments.
Salt-wedge estuary
As described above, salt-wedge estuaries are characterized by a small tidal range and the absence of strong wind shear. Ocean salt water intrudes upstream against the direction of the overlying freshwater flow and a sharp interface separates the fresh and salt water layers. When the river flow, water depth, and salinity of ocean water remain constant, the advancing motion of the wedge eventually ceases. This ideal steady-state form is known as an arrested saline wedge, when equilibrium is maintained between internal buoyant pressure gradients, interfacial shear stress, and convective accelerations (Jirka 1990 , Partheniades 1992 .
The overall flow in a salt-wedge estuary is controlled by two nondimensional parameters: the channel densimetric Froude number 
( ρ Δ is the density difference) is the reduced gravity acceleration, h is the channel depth, and ν is the coefficient of kinematic viscosity. A salt-wedge estuary can exist when F 0 < 1. In the absence of comprehensive field data, most of the available information on flow and density distribution is based on laboratory experiments. Using detailed laboratory experiments by Sargent and Jirka (1987) , a two-layer model for salt-wedge dynamics was developed by Arita and Jirka (1987) . The entire salt-wedge is divided into three regions (Fig. 2) . In the tip region, the ambient Fig. 2 . Schematic representation of a salt-wedge estuary with three major regions.
flow bottom boundary layer undergoes a transformation into a mixing layer. This region is, at most, several water depths long. The exit region is also a nonequilibrium region with non-hydrostatic pressure distribution. The central region of the salt-wedge estuary is the quasi-equilibrium region where convective inertial forces, buoyant pressure forces, and shear forces are in equilibrium; they depend only slightly on longitudinal distance. Therefore, velocity and density distributions become similar. An example of such distributions for the cross-section A A − in Fig. 2 is shown schematically in Fig. 3 . The interface is located at 2 h distance above the bottom, where the density is 50% of the maximum density. The height of the zero velocity line is about 60% of the interface height 2 h . The turbulent fresh water exerts high shear over the underlying salt layer. This shear is counteracted by a very strong density gradient. As a result, viscous and turbulent shear transfer takes place at the interface with some net entrainment into the upper layer. These processes provide energy for a weakly turbulent middle layer located between the density interface and the zero velocity line. The generation of turbulence in the layer between density interface and zero velocity is confirmed by the high value of the Richardson number: Fig. 3 . Schematic representation of velocity and density profiles for the quasiequilibrium region.
(1) Sargent and Jirka's (1987) experiments showed that Ri reaches its maximum value ≈ 2 at the density interface and drops off very strongly on both sides of the middle layer. The two-layer model by Arita and Jirka (1987) also provides for the prediction of several global wedge properties, such as wedge length and fluxes of fresh and salt waters.
Partly mixed estuary
Circulation in partly-mixed estuaries is primarily induced by the density difference between fresh water and sea water. Two layer circulation and stratification are maintained by a dynamic balance of advective and diffusive processes. The most essential variations occur in the vertical and longitudinal directions. Therefore, the considerations in the current study are limited to estuaries that are sufficiently elongated and laterally homogeneous.
Circulation in estuaries is usually expressed as the sum of three modes: river discharge mode, wind stress mode, and gravitational convective mode. This study considers a simpler case of non-tidal currents when wind stress can be neglected. Water density in an elongated estuary is constant over water depth, but increases gradually from the estuary head to the ocean due to increasing salinity. The surface slope, horizontal density gradient, and, consequently, flow velocity are constant as functions of longitudinal distance. Of interest here is the description of vertical variation in current velocity rather than horizontal variation. Using simplified Navier-Stokes equation we obtain (Massel 1999): (2) in which z A is the coefficient of turbulent viscosity assumed to be the constant, λ is the longitudinal density gradient, Q is the total discharge per unit width, and h is the water depth.
To illustrate the velocity distribution, the flow parameters as measured by Hamilton and Wilson (1980) in the Lower Potomac Estuary were adopted. In this case maximum positive and negative velocities occur at the surface (z = 0) and at z = -3/4h, respectively. Therefore, even in the case of weak stratification, there is a net flow down estuary in the upper layer of the water column and a net flow upstream in the lower layer of the water column. The vertical distribution of velocity is also given for the case when river flow dominates over net circulation, i.e.:
The vertical distribution of salinity, S, for small river discharge can be determined now. Both diffusion, K z , and gradient,
x S ∂ ∂
, are assumed to be constant as a function of depth. Thus, the final salinity distribution becomes: (5) in which: (6) and (7) ( ) When river flow is dominant, the corresponding salinity distribution takes the following form: (8) in which: (9) All equations indicate that the vertical salinity deviation is proportional to the salinity gradient and inversely proportional to the coefficient of vertical diffusion.
Well-mixed estuary
When tidal energy dominates over river input, the total water column is completely mixed by the turbulent motion of eddies. The salinity field is mostly governed by tidal motion, river flow, channel geometry, and bed roughness. The shear effects tend to increase vertically, and transverse salinity gradients result in an increase of gravity-induced currents. On the other hand, turbulent diffusion works towards reducing density gradients. Observed density gradients depend strongly on the relative magnitudes of both mechanisms.
Field observations are the best method to investigate the structure of turbulence in well-mixed estuaries. Mean velocity and salinity measurements in well-mixed flows by Anwar (1983) shows that the velocity profile is logarithmic, i.e.: (10) When mean flow velocity increases, the flow becomes stratified and wellmixed in the decelerating phase. This is due to the turbulent mixing process that increases during the decelerating phase of the flow.
Field experiments show that the unsteady phases of the flow have no appreciable effect on the distribution of salinity profiles which can be approximated by the relationship:
in which S m and S s are the salinities near the bed and the surface, respectively.
In the case of well-mixed estuaries, the mixing and concentration of substances can be estimated using the random walk method (Massel 1999) .
TRANSPORT AND MIXING IN ESTUARIES
Estuaries are regions where fresh and salt waters mix. Since nutrient fluxes are spatially concentrated within the estuarine mixing zone, estuaries usually have higher biological productivity than adjoining coastal and continental shelf waters. Estuaries also provide convenient, sheltered locations for everexpanding human development. This trend yields increasing volumes of nutrients, human-derived materials, and pollutants.
As river flow rates, tides, and winds are variable, the distribution of salinity, nutrients, and plankton populations within estuaries are rarely stable. In particular, during flood events, the discharge of fresh water may be so high that sea water cannot intrude into the estuary, and mixing will take place on the boundaries of the flood plume. Many biological, chemical, and geological effects in estuaries are dependent, in part, on the dynamics of circulation and mixing processes. Despite much effort, a multidisciplinary perspective on how coastal estuaries function is only now emerging, and scientists have begun to understand the crucial role played by the interaction among physical, chemical, geological, and biological processes in sustainable estuarine development. A complete summary of these interactions is beyond scope of this paper. Rather, in this section selected examples will be described which illustrate interesting phenomena in estuaries. For better clarity of explanation, the transport and fate of sediments and the influence of hydrodynamics on nutrient transport and primary production will be considered separately.
Sediment transport in estuaries
An understanding of the distribution and movement of suspended particulate matter in estuaries is relevant to many other related studies, such as dredging/spoil dumping operations and transport and the fate of particle-bound contaminants. Transport in estuaries can be inland or seawards depending on tidal and freshwater flow variations. Sediment may be stored for long periods as bed material in intertidal zones. However, oscillatory motion produced by surface waves generates additional vorticity and turbulence in the bed boundary layer and enhances the diffusivity and hence transport entrainment and suspension capacity of the flow. For example, Kana and Ward (1980) showed that in a shallow coastal zone, sediment transport may increase up to 60 times during storm wave conditions as opposed to calm conditions. For the estuarine environment this increase can be up to 40 times as was detected by Owen and Thorn (1978) . A similar increase in sediment transport in the Tay Estuary, Scotland, was reported by Weir and McManus (1987) . Turbulence and suspension capacity were particularly intense during flood tides and opposing currents and wind.
Using current meters and transmissometers moored for 11 weeks, Lindsay et al. (1996) examined the influence of tidal range and river discharge on suspended particulate matter fluxes in the Forth Estuary, Scotland. On a semidiurnal scale, suspended sediment concentration was closely related to current velocities. In the near bottom layer, the current velocity required for resuspension and deposition were 0.60 and 0.30 m s -1 , respectively. The dominant suspended sediment type was mud with a median particle diameter of less than 10 μm. However, there is also some evidence of particles with diameters of greater than 250 μm in the deeper channels. The data from the transmissometers showed that during a flood tide, with a tidal range of 5.3 m, the concentration reaches 300 mg l -1 . Clarke and Elliot (1998) developed a two-dimensional depth integrated transport model for the Forth Estuary in Scotland. The model is based on an advection-diffusion equation, which for a region of changing water depth takes the following form: (12) in which c is the depth-averaged suspended sediment concentration, h is the total water depth, u and w are the depth-averaged velocity components, K x and K z are the diffusion coefficients, E r is the erosion rate, and D r is the deposition rate.
When the time series of concentration, c , at a given point is known and relationships for friction velocities are established, the erosion and deposition terms can be applied in Eq. (12). The comparison of predictions with observations showed that both the hydrodynamics and the sediment load were satisfactorily reproduced.
Extensive data on fine sediment dynamics were obtained in the extremely turbid Jiaojiang River Estuary, China (Guan et al. 1998 ). The Jiaojiang River Estuary is very shallow with depths of 1−3 m at low tide. Semi-diurnal tides have a maximum tidal range of 6.3 m and a maximum vertically-averaged tidal current of 2.0 m s -1 . At the estuary bed, cohesive sediments (clay and fine silt
with a diameter less than 8 μm) prevail, and the suspended sediment concentration exceeds 40 kg m -3 during spring tides in calm weather. The field data also indicate that sediment concentration during flood tides is 30% larger than during ebb tides. This asymmetry is responsible for an infilling rate of the estuary of about 0.1 m year -1 , while measured sediment load from the riverine inflow is too small to be a substantial contributor to the siltation of the estuary. Presumably, the origin of such a large amount of sediment, which is infilling the estuary, is the Yangtze River, whose mouth is located 200 km further north (Guan et al. 1998 ). The Yangtze River, the third largest river in the world, transports 9.3 × 10 10 m 3 year -1 of water and 4.7 × 10 7 tons year -1 of fine sediments into the sea (Yang 1998) . More than half of the sediment from the river is deposited in the estuary. As a result, wetland area is accreting at a rate of 15−20 km 2 year -1 . A level of turbidity and suspended sediment concentration similar to that in Jiaojiang River Estuary was observed in the Fly River Estuary, Papua New Guinea Eagle 1991, Wolanski et al. 1995) . High turbidity in the saline region of the estuary appears to be due to the simultaneous occurrence of tidal pumping and baroclinic circulation due to freshwater discharge which varies little seasonally.
Sediments are important carriers of dissolved and particulate trace elements in the hydrological cycle. The concentration of trace metals depends on the sediment erosion and deposition processes; however, the geochemistry involved in the process of the dynamics of trace elements is beyond the scope of this paper.
Dispersion in non-vegitated and vegitated estuaries
In estuaries where cross-sections and bathymetry vary in a complicated manner, the concepts of turbulent diffusion and shear dispersion usually yield dispersion coefficients which are smaller than observed values. The main reason for this discrepancy is the fact that the shear in the velocity field is not uniform over distances comparable with the tidal excursion and the tidetopography interaction generates significant horizontal residual circulation superimposed on the main water flow. To cope with these circulations, de Swart et al. (1997) proposed the tidal random walk model which relates the mixing properties of the flow to the velocity and length scales of the tidal current and the residual eddies. Using this model, the longitudinal and lateral dispersion coefficients were computed for the Ems Estuary (75 km long), which is a part of the border between the Netherlands and Germany. The tidal range varies from 2.3 m near the tidal inlet to 3.2 m upstream near the town of Emden. The influx of fresh water is of the order of 115 m 3 s -1 . As a result, the average salinity at the inlet is about 30 PSU but decreases to zero 75 km upstream.
The particle displacement in a random walk type model is a superposition of the net displacements of particles during the preceding ebb and flood phases. Due to the interaction of particles with residual eddies, particle trajectories move in an irregular way and are generally random functions of time. Using the random particle displacements, the longitudinal and lateral dispersion coefficients can be defined as follows (de Swart et al. 1997) : (13) where l x and l y are random displacements in longitudinal and lateral directions, respectively. The upper bar denotes the ensemble average. The random walk model predicts longitudinal dispersion coefficients in the estuary as high as 200−12,000 m 2 s -1 , while the lateral dispersion coefficients are much smaller, of the order of 5−30 m 2 s -1 . If the tidal and residual flow characteristics in the estuary are known, the random walk model provides a simple method to estimate the dispersion characteristics in an estuary with complex bathymetry.
Many estuaries, especially in the tropics, are vegetated to various extents. When vegetation is present, hydrodynamics and sedimentation are affected. Due to highly irregular streamlines, the flow through a dense population of surface-piercing plants becomes slow. For example, bottom velocity and suspended sediment concentration in the intertidal seagrass community of the Corner Inlet, Australia, decreases to 40% and 60%, respectively (Zhuang and Shebel 1991). The stems and leaves of Scripus marshes in the Yangtze River Estuary are able to trap about 300 g m -2 of sediments, and the sediments in the marsh area are much finer than those in the adjacent flat (Yang 1998) .
The most familiar form of dispersion is shear-flow dispersion, which was described by Taylor (1953) . The interaction of non-uniform advection and cross-stream diffusion enhances longitudinal spreading. Non-uniform advection changes the local distribution of contaminants and intensifies the vertical and lateral concentration gradients. On the other hand, molecular or turbulent diffusion tries to reduce these gradients. The resulting effect of these competing mechanisms is to increase the longitudinal length of the contaminant path. After some initial time, the effects of shear-flow dispersion become analogous to diffusion and can be modeled as a Fickian process.
It should be expected that the presence of vegetation changes the dispersion of the contaminant. For the sake of simplicity, it is assumed that the ) ( (14) in which c and u are the cross-sectional averaged concentration and stream velocities, respectively, and x is the longitudinal spatial dimension. In a laterally uniform flow, only vertical shear contributes to shear dispersion. In vegetated estuaries, additional dispersion mechanisms arise due to the physical obstruction associated with plant stems and wakes behind the stems. These mechanisms are known as mechanical dispersion and are common in porous media or in flow through random media, for example, flow in mangrove forests (Massel et al. 1998) .
In general, the resulting dispersion coefficient, K x , depends on the biological morphology and density of the vegetation in the estuary. Nepf et al. (1997a) , studied the influence of vegetation on longitudinal diffusion in a laboratory flume, for various flow velocities and population densities. Spartina attermiflora, the dominant marsh grass in much of eastern North America, was modeled with 0.6 cm diameter hard-wood dowels. Rhodamine was injected continuously upstream of the dowel array. For the no-dowel cases with velocities 2.9, 5.5, and 7.4 cm s -1 , respectively, the observed dispersion coefficient, K x , was 7.5, 7.3, and 8.4 cm 2 s -1 . However, for 5.5% dowel density, coefficient, K x , drops to about 1.2 cm 2 s -1 . The influence of mechanical dispersion appears to be small in comparison with shear dispersion.
The detailed laboratory velocity measurements of Nepf et al. (1997b) showed that the production of turbulence within a stand of emergent vegetation is dominated by the stem wakes rather than by bottom boundary shear. Using this observation, they formulated a random walk model which can be used to determine the contribution of stem wakes to the turbulent diffusivity within a plant canopy.
The influence of mangrove swamps on the longitudinal dispersion in mangrove-fringed tidal creeks was examined by Ridd et al. (1990) . The effect of turbulent diffusion was found to be negligible compared with dispersion due to the trapping effect of the mangroves. The longitudinal dispersion coefficient was proportional to the square of the water velocity. Therefore, at the creek head, the mixing rates were very small. The resulting residence time of contaminants increased in water close to the head of the creek. 
ESTUARIES ALONG THE POLISH BALTIC COAST
Most rivers enter the sea at places where there is sufficient tidal rise and fall to modify flow within estuaries. Since tidal effects are negligible along the Baltic Sea coast (tidal amplitudes range from 0.02 m to 0.1 m), the estuaries along this coast of Poland are referred to as tideless. They are characterized by strongly differentiated topography and dynamics of both flow and the motion of salt water. The two main estuaries along the Polish Baltic Sea coast are the Odra Estuary and the Vistula Estuary (Fig. 4) , and between them lie estuaries formed by smaller rivers and coastal lakes connected to the sea via canals. Most of these systems have been studied in detail by Jasińska (1991) .
For many years, numerous in situ measurements have been conducted which contributes to the understanding of the processes that take place in these areas. In situ measurements of parameters that describe hydrodynamic conditions in estuaries have allowed researchers to gather data that provide information on processes occurring in nature. However, field measurements are expensive and provide information that is restricted to a chosen time, location, and weather conditions. Due to such limitations, numerical models are applied for engineering purposes.
A three-dimensional numerical model of the Odra Estuary was developed through the collaboration of Polish and German scientists. This threedimensional numerical model had been developed previously for the tidal Elbe Estuary (Pfeiffer and Duwe 1987) and was adapted for the tideless Odra Estuary (Jasińska and Nöhren 1988) . Another three-dimensional numerical model for the Odra Estuary, known as ESTURO, was set up at IBW PAN (Jasińska and Robakiewicz 1999) based on the TRISULA and delft3Dflow package (Delft 1995 (Delft , 1996 . It was also adapted for the Martwa Wisła (Jasińska 2002) .
The considerations presented in this paper are based on results obtained from field measurements, analytic testing, and calculations using mathematical models for the Odra, Łupawa, and Vistula estuaries. The results demonstrate the unsteady, changeable nature of both the flow conditions and the motion of salt water in tideless estuaries. Distributions of salinity and velocity in these estuaries are determined by the variation of water level due to water oscillations at both extremes of the estuary, flow discharge, difference of densities of fresh water and seawater, geometry and topography, and sometimes wind.
The interaction of fresh and salt water in estuaries along the Polish Baltic coast generates water circulation and transport patterns typical of classical estuaries. Circulation is timedependent, and the driving forces have time scales ranging from a few weeks to days, hours, or minutes. The outflow of fresh water along the surface and the inflow of seawater along the bottom are observed. The results suggest that the motion of salt water in tideless estuaries is similar to that in tidal ones. Therefore, it is assumed that similar methods of analysis can be applied to both types of systems.
All the estuaries along the Baltic coast of Poland are classified as coastal plain estuaries according to the Pritchard (1952) . Taking into account the salinity structure and using the methods of Hansen and Rattray (1966) , the estuaries range from well to partly mixed. The systems also can become highly stratified on occasion with a prominent salt wedge (Jasińska 1991) . The classification of the estuaries may change in response to changes in river flow or the dynamics of sea water inflow.
The Odra Estuary is a very complex system (Fig. 5) . The Odra flows into the Szczecin Bay and subsequently from the bay into the Baltic Sea through three straits -the Peene, Świna, and Dziwna. The Świna Strait, in the centre of the system (Fig. 6) , consists of both natural and man-made canals and is the main connection of the system. The hydrodynamic conditions of the Szczecin Bay and the straits are influenced by meteorological conditions such as winds and atmospheric pressure, the hydrodynamic conditions of the Pomeranian Gulf, and the inflow of fresh river water.
The distribution of velocity along the Świna Strait is characterized by considerable dynamics of direction and quantity changes. The changes are mainly shaped by the difference of water levels at the open borders and also by salt intrusion from the sea (the effect of the motion of the salt water wedge) (Fig. 7) . Typical stratified flow conditions prevail along the strait with the inflow of saline water in the deeper layers and the outflow of fresh water and mixed water in the upper layers yielding the formation of the wedge structure. Differences in salinity distribution along the transect show mainly the effect of two-directional flow causing the intrusion of more saline water in the near bottom layers and more fresh water in the upper layers yielding an intensification of the salt wedge. Throughout the Świna Strait there is onedirectional flow to and from the sea and two-directional flows that clearly mark the boundary between the water of sea origin and that of bay origin (Jasińska 1991) . Figures 8a and 8b present the calculated time series of velocity distributions in the two layers for 1.0 km and 16.0 km of Świna Strait together with the measurement data. The calculations were performed using the threedimensional model of the Odra Estuary (Jasińska and Nöhren 1988) . Changes in velocity oscillate for periods that range from a few minutes (Fig. 8c period  18 . 10 -19.10.1985) to 12 hours and even longer. Short oscillations are accompanied by small changes in amplitude, whereas changes of greater duration are accompanied by quite important changes in velocity from -1.6 m s -1 to +1.3 m s -1 . Figures 9a and 9b show the results of calculations and measurements of changes in salinity over time at the same points for the nearsurface and bottom layers. Changes in velocity caused significant changes in salinity distributions. At 1.0 km the flow is very often stratified, but at 16.0 km it is rather well mixed.
When the slopes are equal to or greater than -0.05 m (negative slope in the direction of the bay), the barotropic gradient acts together with the baroclinic gradient to produce an inflow of saline water into the Odra Estuary. During strong storm events, saline water flows through the entire cross section of the Świna and the other straits and into deeper areas to the bay. Under such conditions, the most important driving force is the dynamics of the Baltic Sea. For slopes >0.05 m, a freshwater flow is the dominant force and there is an outflow of fresh water to the sea through the straits (Jasińska 1991 (Jasińska , 1993 . The probability of a slope ±0.05 m in the Świna Strait is around 50%.
The velocity and salinity distributions in the cross section of the straits and the Szczecin Bay demonstrate that changes in both occur at different depths at different times. Hence, it is necessary to use three-dimensional numerical models to learn more about the physical processes occurring in the area and about their impact on fluctuations of water levels, current patterns, and the intrusion and dispersion of saline water. This is of great importance for solving a number of problems such as safety of navigation along waterways, evaluation of erosion and accumulation processes, motion of salt water, designing water intakes, etc.
The three-dimensional and the ESTURO models mentioned earlier were used to describe water level changes as well as velocity and salinity distributions in that region for different morphology and hydro-meteorology conditions in the Odra Estuary (Jasińska 2001) . The horizontal distributions of water salinity for the extreme hydro-meteorological conditions that occurred in November 1995 (Fig. 10 ) using the ESTURO model are shown in figures 11a and 11b. During very strong inflow (4.11.1995 -point "2"), Salt water was advected through the Świna and spread into the Szczecin Bay (Fig.11a ). There were differences in the distributions of salinity between the surface and bottom layers, and in the latter the inflow of salt water was stronger. After the strong outflow (6.11.1995 -point "3") , the Świna Strait was filled with mixing bay water. The mixing water was advected into the Pomeranian Gulf and spread into it (Fig. 11b ). There were significant differences between the spreading of mixed and fresh water in the surface and bottom layers. The spreading of bay water is easier at the surface than at the bottom. Saline water stays longer in the bottom layers of the bay, and, due to mixing processes, spreads laterally in the bay. Lenses of saltier water move in the bay according to water currents and wind conditions. The mixing processes cause the gradual decay of the salt water in the lenses.
The Łupawa Estuary (Fig. 12) is located in the central part of the Polish Baltic coast (Fig. 4) . The area of the Baltic Sea close to the mouth of the Łupawa is characterized by changes in water level and salinity similar to those of the Pomeranian Gulf. There is also intense sediment movement in the area, which causes periodic shallowing or the complete blocking of the river mouth. A 2.0 km section of the Łupawa River joins Lake Gardno to the sea. This paper presents some results of measurements performed in the Łupawa Estuary in 1989 (Jasińska 1990 ). The conditions observed on May 15, 1989 are examples of the intrusion of saline water into the Łupawa Estuary ( Fig. 13 and 14) . The water levels in the lower portion of the system oscillated over a small range and the water slope was very small. At water slopes close to zero, there was an intrusion of saline water (at small velocities) and a simultaneous outflow of fresh water along the surface. A set of measurements was begun at 08:00 hours at each of the profile locations between 400 m and -100 m (Fig. 13) . The velocities were very small and the salinity was around 1.2 PSU.
A set of continuous measurements was begun at the profile located 230 m from the bridge because of subsequent changes in flow conditions, but only salinity and water temperature were measured during the first period because the current velocities were close to zero. Sampling every 0.2 m, each vertical profile was completed in about 5 min. The salinity at the bottom changed from 1.2 PSU to 9.1 PSU (Fig. 14) . The conditions changed very quickly, and the entire process lasted until 11:00 hours. The velocities increased from near zero to 0.15 m s -1 at the bottom, while the velocities at the surface remained close to zero. After 11:00 there was a decrease in salinity at profile 230 m, and velocities were again close to zero. A new set of measurements was begun at 11:10 along the Łupawa River in order to define the range of inflow. The salt water S ≥ 8 PSU filled the Łupawa River up to profile location at 310 m (Fig. 13) . While the salinity gradually decreased in the surface layer, along the bottom the salinity was still greater than 8 PSU up to the profile location at -100 m. The water slopes were still very small.
This represents an example of conditions when the baroclinic pressure gradient was dominant. Similar conditions were repeated a few times during the measurements. These results describe the intrusion of salt water into the tideless estuaries. Similar conditions were observed in the Łeba Estuary (Jasińska 1991). The dynamics of the flow in the Łupawa Estuary are very changeable. Despite very small changes in the gradients of barotropic pressure (slope of water) and weak winds, there were significant changes in the flow conditions. The intrusion of saline waters in the Łupawa River appeared not only during storm surges but also under quiet conditions. The intrusion is probably caused by a change in pressure conditions above the sea. This means that the frequency of the exchange between the sea and the lake is significant. During the ten days of measurements, there were three distinct inflows that filled up the whole tested area of the Łupawa with saline water.
The phenomena of salt water inflows into the Vistula Estuary, especially in the Wisła Przekop (Fig. 4 ), are extremely rare and restricted to a very short section of the river (Jasińska 1991 (Jasińska , 2002 . The displacement of the real river mouth towards the sea causes the flow of fresh water from the surface layers in short-period inflows because the estuary bar creates an additional obstacle in the inflow of salt water into the river from the deeper layers. Although the problem of salt water penetration into the Vistula River is not as essential as in the other rivers along the Polish Baltic coast, there is strong interaction between fresh waters from this large catchment area and the marine waters of the Gulf of Gdańsk (Robakiewicz and Jasińska 1998) .
The inflow of sea water to the Martwa Wisła, a part of the Vistula Estuary, is rather strong. The inflow occurs not only during storm surge conditions but also during calm conditions (Jasińska 2002) . The effects of salt water inflow are substantial and the frequency of water exchange is high. The flow conditions are unsteady and are of an irregular and random character, , 15.05.1989, between 9:40 -11:04. especially in the two outlets of the Martwa Wisła. There are short-time oscillations of salinity and velocity throughout the area. The mixing processes at the interface are significant. The complex circulation and transport regime in the Martwa Wisła cannot be tested efficiently only by field measurements, which is why a numerical model was created (Jasińska 2002) .
CONCLUSION AND REMARKS
The processes present in tideless estuaries, typical of the Polish Baltic coast, are similar to the processes seen in tidal estuaries. This similarity permits applying experiences gained from and understanding of tidal systems to tideless environments.
The estuaries along the Polish Baltic coast are characterized by highly variable topography and bathymetry with fairly differentiated flow and saline water movement. These flows and saline water movements are unsteady and are of an irregular character. The effects of saline inflows are substantial, and the frequency of water exchange is much higher than anticipated.
Flow conditions and salt water motions are complicated and are of a random character. These flows are generated by barotropic and baroclinic gradients acting simultaneously. Under these conditions, there can be a twoway exchange of water, both the inflow and the outflow. The flow conditions in Polish estuaries are very difficult to define and predict when the water slope is about ±0.05 m, which happens very often.
The intrusion of saline water not only occurs during storm surge conditions but also at times of small differential in water slope and during weak coastal winds. Salinity distributions also depend on mixing intensity, which is a function of mean flow velocities, diffusion, entrainment, and turbulent mixing. Turbulent mixing is especially strong at the interface during stratified flow and causes instabilities.
The measurements conducted continuously and simultaneously in a few estuaries at several points show how unsteady the flows are. The velocities and salinity of water change periodically, and the periods range from a few minutes to 24 hours and more. Generally, short fluctuations are accompanied by small amplitudes, which can sometimes be quite significant.
Due to the very complicated morphology of the estuaries on Polish Baltic coast, the flow conditions and water exchange have to be treated threedimensionally. Three dimensional numerical models were used to reproduce the flow phenomena and motion of salt water in the Odra and Vistula estuaries. The comparison between the model results and the measured values show that these models are able to reproduce spatial and vertical distributions of velocity and water salinity in these estuaries.
